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The molecular oscillator that keeps circadian time is generated by a negative feedback loop. Nuclear entry
of circadian regulatory proteins that inhibit transcription from E-box-containing promoters appears to be a
critical component of this loop in both Drosophila and mammals. The Drosophila double-time gene product, a
casein kinase I « (CKI«) homolog, has been reported to interact with dPER and regulate circadian cycle length.
We find that mammalian CKI« binds to and phosphorylates the murine circadian regulator mPER1. Unlike
both dPER and mPER2, mPER1 expressed alone in HEK 293 cells is predominantly a nuclear protein. Two
distinct mechanisms appear to retard mPER1 nuclear entry. First, coexpression of mPER2 leads to mPER1-
mPER2 heterodimer formation and cytoplasmic colocalization. Second, coexpression of CKI« leads to masking
of the mPER1 nuclear localization signal and phosphorylation-dependent cytoplasmic retention of both pro-
teins. CKI« may regulate mammalian circadian rhythm by controlling the rate at which mPER1 enters the nucleus.

The circadian rhythm is an intrinsic 24-h cycle that, in spe-
cies from Neurospora to humans, is generated by an intra-
cellular oscillating negative feedback loop that controls the
periodic transcription of both regulatory and output genes.
The molecular mechanism generating the circadian rhythm has
been the object of intense study (reviewed in references 12, 42,
and 57). Genetic investigations in the fruit fly Drosophila mela-
nogaster, augmented by studies of circadian rhythm mutants
in mammals, have led to a rapidly evolving understanding of
the workings of the metazoan central clock. In Drosophila, a
heterodimeric transcription factor composed of CLOCK and
CYCLE binds to E-box-containing promoters and drives
expression of the negative regulators PERIOD (dPER) and
TIMELESS (dTIM). dPER and dTIM accumulate in the cy-
toplasm until they heterodimerize. Heterodimerization serves
to mask their cytoplasmic localization domains, allowing the
complex to enter the nucleus (46). Nuclear dPER-dTIM het-
erodimers repress the activity of the CLOCK/CYCLE tran-
scription factor, thus causing a decrease in dPER and dTIM
expression (10).

Although the mammalian circadian clock is composed of
proteins homologous to those found in Drosophila, the mech-
anisms for regulating circadian rhythm in mammals appear to
be more complex and in many aspects quite different from
those in Drosophila. The increased complexity in the mamma-
lian system is due in part to the expansion of the per gene
family. Three mammalian period genes have been cloned; all
are rhythmically expressed in the anatomic location of the
central clock, the suprachiasmatic nucleus (SCN), as well as in
diverse peripheral tissues (including heart, liver, and muscle)
and cultured fibroblasts, with peak levels of transcripts de-
tected during the circadian day in the mouse (1, 2, 47, 55, 62).
The three mper genes differ in their transcriptional regulation.
Several reports suggest that mper1 is expressed 4 to 8 h before
mper2 and mper3 (1, 25, 53).

Regulated nuclear entry of the PER proteins is a common

element in many but not all (50) of the observed circadian
regulators (12, 42, 57). In the mouse, periodic nuclear accu-
mulation of mPER1 protein has been demonstrated in the
mouse SCN, peaking 4 to 6 h after mper1 mRNA expression
(19). How and if mPER nuclear entry is regulated is less clear.
In the murine system, heterodimerization of mPER proteins
with mTIM has been controversial, being found by some but
not all observers (48, 54, 61). However, each of the mPER
proteins can homodimerize with itself and heterodimerize with
other mPER proteins. Forced expression of mPER proteins
alone can partially repress CLOCK/BMAL1-activated tran-
scription (BMAL1 is the mammalian homolog of CYCLE) in
the absence of coexpressed mTIM (25, 48). Recently, Kume et
al. (31) reported that coexpression of cryptochrome proteins
mCRY1 and mCRY2 facilitated the nuclear entry of mPER
proteins and fully repressed transcription from CLOCK/
BMAL1-driven promoters. Thus, PER nuclear entry seems to
be periodic and regulated in mammals as well as in Drosophila.

Phosphorylation of the components of the circadian clock
has been postulated to regulate the duration of the cycle.
Treatment of the dinoflagellate Gonyaulax polyedra with either
serine/threonine phosphatase or kinase inhibitors alters its cir-
cadian rhythm (6, 7). The frequency gene product, a negative
regulator of the Neurospora circadian clock, is rhythmically
phosphorylated (12), and its phosphorylation regulates both its
stability and period duration (34). dCLOCK, dPER, and dTIM
are phosphoproteins, and the level of dPER and dTIM phos-
phorylation increases steadily from the time of their synthesis
until their degradation at dawn (13, 32). The first genetic
evidence that a specific protein kinase regulates the Drosophila
circadian rhythm was the discovery of the novel gene double-
time (dbt), encoding a protein serine/threonine kinase (27, 41).
dbt is coexpressed with per and tim in the fly brain lateral
neurons that regulate circadian rhythm. Different missense
alleles of dbt cause marked lengthening or shortening of the
circadian period, while homozygosity for the null allele causes
pupal lethality (27).

Examination of flies with mutations in the dbt gene led Kloss
and coworkers (27) to conclude that the DBT kinase phos-
phorylated and regulated dPER. Drosophila larvae homozy-
gous for the dbt-null allele manifest several distinct pheno-
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types. First, they accumulate high levels of dPER but not
dTIM, suggesting a role for phosphorylation in the degrada-
tion of dPER. Second, the dPER that accumulates is hypo-
phosphorylated, indicating a major role for DBT in the phos-
phorylation of dPER. In a final indication that DBT directly
regulates dPER, DBT binds to an amino-terminal fragment of
dPER (27).

Drosophila DBT is most similar in sequence (86% identical)
in its kinase domain to the kinase domains of mammalian
casein kinase I ε and d (CKIε and CKId). The CKI gene family
encodes a number of widely expressed kinases that localize to
membranes, cytoplasm, and nucleus; and various members of
the CKI family have been identified in plants, fungi, and mam-
mals (14, 18, 44, 45). CKIε and CKId belong to a branch of the
family that includes the yeast kinases HRR25 and Hhp1 and
Hhp2, implicated in the response to DNA damage (11, 14, 21).
Mammalian CKId and CKIε have closely related 123-amino-
acid carboxy-terminal domains that can autoregulate kinase
activity in a phosphorylation-dependent manner (5, 16, 17, 44).
However, the carboxy-terminal domains of DBT and CKIε are
unrelated.

Accumulating evidence suggests CKI family members can
regulate the intracellular localization of specific substrates. For
example, mammalian CKIa (71% identical to DBT over the
kinase domain) binds to, phosphorylates, and inhibits the nu-
clear import of the transcription factor NF-AT4 (60). In Dro-
sophila, a CKIa homolog shuttles from the cytoplasm into the
larval nuclei in response to gamma irradiation (49). Finally,
one of the few identified substrates of HRR25 is the yeast
transcriptional regulator SWI6, a protein whose cytoplasmic
retention is dependent on phosphorylation (20, 52).

Given the differences between the Drosophila and mamma-
lian PER and TIM proteins and the higher level of complexity
in the regulation and interactions of the mPER proteins, the
interaction between CKI and the mammalian mPER1 protein
was investigated. We find that specific and closely related iso-
forms of CKI bind to and phosphorylate mPER1 both in vitro
and in vivo. Unexpectedly, overexpressed mPER1 was found
to accumulate in the nuclei of transfected HEK 293 cells. Two
distinct mechanisms appear to be capable of regulating mPER1
nuclear entry. First, coexpressed mPER2 prevents mPER1 nu-
clear accumulation. Second, CKIε or CKI] coexpression blocks
mPER1 nuclear accumulation in a kinase-dependent manner,
by masking its nuclear localization signal (NLS). These results
suggest that a critical function of both mPER2 and CKI in
circadian rhythm is to control the nuclear entry of mPER1.

MATERIALS AND METHODS

Plasmids and protein purification. Cloning, expression, and purification of
CKIε (GenBank accession no. L37043), CKIεDC320, and CKIε(K38A) have
been described elsewhere (5, 14, 16). For in vitro kinase assays, CKIε was
purified as described previously (5, 14). To generate Myc-tagged mPER1, cDNA
encoding mPER1 (GenBank accession no. AB002108; a generous gift from M.
Tei) was excised with EcoRI and SalI from pHSG396 and cloned into the EcoRI
and XhoI sites in pCS21MT. The resultant plasmid utilizes a cytomegalovirus
promoter and encodes a polypeptide of 1,378 amino acids, with 86 amino-ter-
minal amino acids from the six copies of the c-Myc epitope, and a calculated
molecular mass of 146,492 Da. The Myc-tagged amino-terminal fragment of
mPER1 was generated by excising the EcoRV-to-XbaI fragment of pCS21
MT-mPER1 and religating the blunted ends. Other amino-terminal fragments
of mPER1, the NLS mutant constructs, and ST6A were made in pCS21MT-
mPER1 (above) by changing the indicated codons to either stop (truncations) or
alanine with the QuikChange kit. The carboxyl-terminal fragments were PCR
cloned into pCS21MT between EcoRI and SalI. mPER2 (the generous gift from
H. Okamura) was amplified by PCR with addition of NcoI and SalI sites and
cloned into NcoI-XhoI sites in pCS21MT. To make FLAG-mPER2, mPER2 was
amplified using primers with engineered BglII and SalI sites and cloned into
pFLAG-CMV2 cut with BglII and SalI. The double yellow fluorescent protein
(YFP) fusions with mPER1 fragments were created by amplifying the indicated
regions of mPER1 with addition of EcoRI and SalI sites. The PCR products were

cloned into p2X-YFP (a generous gift from M. Morgan) carboxy terminal to the
second YFP between EcoRI and SalI. All constructs were verified by sequence
analysis.

Cell line maintenance, transfections, and immunofluorescence. HEK 293 cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal calf serum in 5% CO2. Cells were transfected when 70 to 80% confluent in
six-well dishes with 2 to 4 mg of total plasmid DNA, using Lipofectamine PLUS
reagent (Life Technologies, Inc.) according to the manufacturer’s directions. For
immunofluorescence, cells were trypsinized and replated on glass coverslips in
35-mm-diameter dishes 24 h after transfection. After an additional 24 h, the cells
were washed twice with phosphate-buffered saline (PBS) and then fixed with 4%
paraformaldehyde for 30 min. After two washes with PBS, cells were permeabil-
ized with 0.3% Triton X-100 in PBS for 10 min, washed twice with 0.1% Tween
20 in PBS, and then blocked in 1% bovine serum albumin, 10% normal goat
serum, 0.1% thimerosal, and 0.1% Tween 20 in PBS (blocking solution) for 30
min at room temperature.

Anti-hemagglutinin epitope (anti-HA; 12CA5) and anti-Myc (9E10) monoclo-
nal antibodies (MAbs) were directly conjugated to Alexa 594 (red) and Alexa 488
(green) dyes, respectively, as instructed by the manufacturer (Molecular Probes).
For Fig. 3C, 9E10 and anti-FLAG (M2) MAbs were conjugated to Alexa 350
(blue) and Alexa 488, respectively. Primary MAbs were diluted into blocking
solution and incubated with the cells 2 h to overnight with gentle rocking. The
cells were then washed three times with 0.1% Tween 20 in PBS, and the nuclei
were counterstained with either Hoechst 33258 (1 mg/ml) or 10 nM ToPro3
(Molecular Probes). The goat anti-rabbit secondary antibody coupled to Alexa
594 (Molecular Probes) was applied after the 0.1% Tween 20 washes for 2 h to
overnight, followed by nuclear staining with Hoechst as above. Images were
captured using the software package mFISH (Vysis, Inc.) at an initial magnifi-
cation of 360, using an Olympus BX50 fluorescence microscope equipped with
a cooled charge-coupled device camera (Photometrics Ltd.) and appropriate
filters sets (Chroma Technology Corp.). Images were assembled using Photoshop
3.04 (Adobe) and Canvas 6.0 (Deneba Software).

Immunoprecipitations and kinase assays. Coupled in vitro transcription-
translation reactions (TnT; Promega) were carried out according to the manu-
facturer’s instructions. Immunoprecipitations from TnT reactions were per-
formed after preclearing with protein A-agarose beads (Gibco-BRL). Precleared
reactions were incubated with 1.2 to 2.4 mg of anti-Myc MAb 9E10 (Santa Cruz
Biotechnology, Inc.) and 30 to 60 ml of protein A-agarose beads. Following
incubation and low-speed centrifugation, the beads were washed five times in
incubation buffer (100 mM KCl, 25 mM HEPES [pH 7.5], 12.5 mM MgCl2, 100
mM EDTA, 20% glycerol, 0.1% NP-40, 1 mM dithiothreitol [DTT], 1 mg each of
leupeptin and pepstatin per ml, 1 mM benzamidine, 0.5 mM phenymethylsulfo-
nyl fluoride). Kinase reactions were performed with CKIεDC320 rather than with
full-length kinase to avoid the kinase autoinhibition otherwise seen in vitro (5,
16). Kinase reactions were performed in HMB buffer (30 mM HEPES [pH 7.5],
7 mM MgCl2, 100 mg of BSA per ml, 25 mM ATP, 1 mM DTT) and stopped by
washing the beads three times with HM buffer (30 mM HEPES [pH 7.5], 7 mM
MgCl2).

For the coimmunoprecipitation experiments (Fig. 1C and 6A), 40-ml aliquots
of each specific TnT reaction mixture were mixed and incubated for 30 min at
30°C; 120 ml of incubation buffer (see above) was then added to the combined
TnT reaction mixtures, and Myc-mPER1 was immunoprecipitated with 600 ng of
anti-Myc MAb 9E10 and 15 ml of protein A-agarose beads. The beads were then
washed five times with incubation buffer, and the bound proteins were eluted
with sodium dodecyl sulfate (SDS) sample buffer.

For the mPER immunoprecipitations from transfected cells, HEK 293 cells
were lysed in 10 mM HEPES (pH 7.5)–0.1% Triton X-100–150 mM NaCl–2 mM
EDTA–2 mM EGTA, and then 200 mg of soluble protein was mixed with 600 ng
of anti-Myc MAb 9E10. Immune complexes were removed from the lysate
with 20 ml of protein A-agarose. The beads were then washed five times with
cell lysis buffer (see above), and bound proteins were eluted with SDS sample
buffer.

mPER1 gel shift assays. Five microliters of a TnT reaction mixture containing
[35S]methionine (Amersham Pharmacia Biotech)-labeled proteins was incubated
with 50 ng of CKIεDC320 for the indicated length of time at 30°C in a final
volume of 20 ml in a buffer containing 25 mM Tris-HCl (pH 7.5), 15% glycerol,
20 mM NaF, 0.5 mM Na3VO4, 2 mM DTT, and 150 mM ATP.

[35S]methionine pulse-chase. Twenty-four hours after transfection, HEK 293
cells were incubated in methionine-free DMEM in the presence of Trans35S-
label (400 mCi/ml; ICN Biomedicals) for 2 h. Following the pulse, fresh DMEM
containing unlabeled methionine was added, and the cells were incubated for the
indicated lengths of time. After the chase period, cells were lysed in radioim-
munoprecipitation assay buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1% NP-40,
0.5% deoxycholic acid, 0.1% SDS), and then 120 mg of soluble protein was mixed
with 400 ng of anti-Myc MAb 9E10. Immune complexes were removed from the
lysate with 20 ml of protein A-agarose. The beads were then washed five times
with radioimmunoprecipitation assay buffer, and bound proteins eluted with SDS
sample buffer.
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RESULTS

In vivo and in vitro interaction of CKI« and mammalian
PER proteins. To test whether endogenous mammalian CKIε
interacted with mammalian PER proteins, Myc-mPER1 and
an amino-terminal 485-amino-acid fragment of mPER1 [up to
and including the PAS domains; Myc-mPER1(1-485)] were
expressed in HEK 293 cells. After lysis, extracts were incubated
with anti-Myc MAb and protein A-Sepharose beads, and both
the immunoprecipitates and the supernatants were probed for
the presence of CKIε. There was substantial coimmunoprecipi-
tation of endogenous CKIε when full-length mPER1 was im-
munoprecipitated (Fig. 1A, lane 5), with depletion of CKIε
from the supernatant (lane 3). We have found no other puta-
tive CKIε substrates that coimmunoprecipitate endogenous
CKIε nearly as well (Z.-H. Gao and D. M. Virshup, unpub-
lished data). When the amino-terminal region of mPER1 was
expressed and then immunoprecipitated, there was no detect-
able coimmunoprecipitation of endogenous CKIε (lane 6). In
control experiments, there was quantitative precipitation of
both the Myc-mPER1 and the amino-terminal Myc-mPER1
(data not shown). Thus, mPER1 is capable of binding tightly to
endogenous CKIε, and the amino terminus of mPER1 is not
sufficient for this interaction. This is in contrast to the results
seen with Drosophila PER and DBT, where a GST–amino-ter-
minal region of dPER fusion was sufficient to bind to DBT (27).

The specificity of the interaction between mPER1 and CKIε
was then assessed in a yeast two-hybrid assay. CKIε differs
from CKIa2 both in the kinase domain, where the proteins are
77% identical, and in their carboxy-terminal regulatory do-
mains, which differ in size (39 versus 123 amino acids) and
sequence (no significant identity) (14). LexA-CKIε and LexA-
CKIa2 fusions were tested for interaction with mPER1-Gal4
activation domain and control constructs. CKIε but not CKIa2
interacted specifically with mPER1 (Fig. 1B).

To determine if the carboxy-terminal regulatory domain of
CKIε was required for the mPER1-CKI interaction, in vitro-
synthesized [35S]methionine-labeled full-length mPER1 or an
amino-terminal mPER1 fragment was incubated with various
forms of CKI (Fig. 1C, Inputs). The mPER1 proteins were
then immunoprecipitated, and their ability to coimmunopre-
cipitate CKI was determined. Full-length mPER1 coimmuno-
precipitated with full-length CKIε (Fig. 1C, lane 11), and that
interaction was not disturbed by removal of the CKIε carboxy-
terminal regulatory domain (lane 12) or loss of kinase activity
(lane 13). mPER1 also coimmunoprecipitated with the closely
related CKId (lane 14) (97% identical to CKIε over the kinase
domain) but again did not interact with the more distantly
related CKIa2 (lane 15). CKIε again did not interact with the
amino-terminal domain of mPER1 (lane 16). We conclude
that it is the kinase domain of CKIε and CKId (each 86%

FIG. 1. CKIε binds to mPER1 in vivo and in vitro. (A) Coimmunoprecipitation of mPER1 and endogenous CKIε. HEK 293 cells were transiently transfected with
plasmids expressing either full-length Myc-mPER1 (P) or the amino-terminal fragment Myc-mPER1(1-485) (N). The PER proteins were immunoprecipitated from cell
lysates with anti-Myc MAb 9E10; 20 mg of cell lysate protein (Inputs; lanes 1 and 2), the equivalent of 20 mg of the cell lysate supernatant following clarification and
immunoprecipitation (Sup; lanes 3 and 4), and the immunoprecipitate pellet from 50 mg of cell lysate (Pellets; lanes 5 and 6) were analyzed by SDS-PAGE, followed
by immunoblotting with anti-CKIε antibody UT31 (14). The arrow indicates the position of endogenous CKIε. (B) Specificity of the CKIε-mPER1 interaction assessed
by two-hybrid assay. Yeast cotransformed with plasmids expressing the indicated proteins fused to either LexA or the Gal4 activation domain (AD) were grown on
synthetic medium containing histidine (1His) or on medium containing 5 mM 3-aminotriazole and lacking histidine (2His) as previously described (37). Interaction
between the indicated proteins was assessed by growth on 2His plates. (C) Specificity of the CKIε-mPER1 interaction assessed by coimmunoprecipitation in vitro. In
vitro-synthesized [35S]methionine-labeled proteins (Inputs; lanes 1 to 8) luciferase (L), Myc-mPER1 (P), truncated Myc-mPER1(1-485) (N), CKIε (ε), kinase-inactive
CKIε(K38R) (KI), truncated CKIε(DC320) (DC), CKIa2 (a2), or CKId (d) were mixed together (TNT1/TNT2) as indicated above lanes 9 to 16. Following a 30-min
incubation, the protein mixtures were subjected to immunoprecipitation with anti-Myc MAb 9E10 and analyzed by SDS-PAGE (5 to 15% gel) (lanes 9 to 16). One-tenth
of each of the in vitro synthesis reactions used for immunoprecipitation was loaded on the input gel (left). Data were collected and analyzed using a Molecular Dynamics
PhosphorImager. Open and closed circles mark the positions of full-length and truncated Myc-mPER1, respectively; brackets mark positions of the various CKI
proteins. Here and in subsequent figures, positions of the various protein molecular weight markers are indicated to the side of the gel, with the size of each marker
expressed in kilodaltons.
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identical to the DBT kinase domain) that interacts with
mPER1.

The mPER1 protein is phosphorylated by CKI«. To deter-
mine whether mPER1 was indeed a substrate for CKIε, three
separate analyses were undertaken. First, kinase assays were
performed with immunoprecipitated in vitro-synthesized mPER1
(full length or amino-terminal domain) as the substrate. Full-
length mPER1 was readily phosphorylated by recombinant
CKIεD320 (lacking the carboxyl-terminal autoinhibitory do-
main [5, 44]) (Fig. 2A, lane 4). The amino-terminal fragment
of mPER1, although expressed at much higher levels (com-
pare lanes 7 and 8), was substantially less phosphorylated by
CKIεD320 (compare lanes 2 and 4). The phosphorylation of
mPER1 was partially reversed by incubation of the labeled
protein with protein phosphatase 2A (PP2A) (mPER1 radio-
activity in lane 5 is 59% of that in lane 4). The PP2A-induced
decrease in signal was due to dephosphorylation rather than
proteolysis of mPER1, as the effect of PP2A was blocked by
the inclusion of okadaic acid (lane 6). Chymotryptic phospho-
peptide maps of in vitro-phosphorylated mPER1 showed sev-
eral phosphopeptide spots, suggesting that CKIε phosphory-
lates mPER1 on multiple sites (E. Vielhaber, unpublished
data).

Many proteins have an altered electrophoretic mobility after
phosphorylation. To determine if this was true of mPER1, the
protein was synthesized in vitro in the presence of [35S]methi-
onine, and then purified CKIεD320 (final concentration, ap-
proximately 30 nM) was added to the reticulocyte lysate. Con-
trol experiments demonstrated that reticulocyte lysates have
low endogenous CKI activity, as assessed by their ability to
phosphorylate a CKI substrate peptide (15). mPER1 electro-
phoretic mobility was then assessed by SDS-polyacrylamide gel
electrophoresis (PAGE) on an 8% gel. Incubation of mPER1
in the reticulocyte lysate alone did not cause a significant shift
in [35S]mPER1 migration (Fig. 2B, lane 1); however, when
CKIεD320 was added, there was a marked decrease in mPER1
mobility (lanes 2 and 3). The change in mobility was due to
phosphorylation, since it was partially reversed by the addition
of alkaline phosphatase to the lysate (lane 5). The failure of
both PP2A and alkaline phosphatase to fully reverse the CKIε-
dependent phosphorylation of mPER1 suggests that there are
multiple phosphorylation sites on mPER1 and that only a
subset are substrates for either phosphatase. The specificity of
the kinase-substrate interaction is suggested by the fact that
;30 nM CKIε was able to phosphorylate [35S]methionine-
mPER1 in the presence of 1 mg of total reticulocyte lysate. The
stoichiometry of mPER1 phosphorylation was not measured
directly; however, virtually all of the mPER1 protein had a
decreased electrophoretic mobility after addition of CKIε,
which suggests that each mPER1 molecule had at least one
molecule of phosphate added. This result is consistent with the
findings in Drosophila, as dPER also has a significant shift in its
electrophoretic mobility in SDS-PAGE upon phosphorylation.
That shift disappears in dbt-null larvae, suggesting that phos-
phorylation of dPER by DBT leads to its retarded electro-
phoretic mobility (13, 41).

The above experiments demonstrate that CKIε can phos-
phorylate mPER1 in vitro. To determine if CKIε expression
also caused a change in mPER1 phosphorylation in vivo, HEK
293 cells were transfected with vectors expressing Myc-tagged
mPER1, along with either active or inactive full-length CKIε or
an empty control vector (Fig. 2C). Twenty-four hours after
transfection, the cells were pulse-labeled with [35S]methionine
and mPER1 was immunoprecipitated from lysates prepared at
various time points as indicated. Coexpression of active CKIε
(Fig. 2C, lanes 5 to 8) led to both a more rapid decrease in the

FIG. 2. Phosphorylation of mPER1 by CKIε in vitro and in vivo. (A) CKIε
phosphorylates immunoprecipitated mPER1. In vitro-synthesized unlabeled
mPER1 (P) and an amino-terminal fragment (amino acids 1 to 485; N) were each
immunoprecipitated from a single in vitro transcription-translation reaction (200
and 100 ml, respectively) with anti-Myc MAb 9E10, and the immunoprecipitation
reactions were divided equally between the various experiments. The immuno-
precipitated proteins were then incubated with (lanes 2 and 4 to 6) or without
(lanes 1 and 3) 100 ng recombinant CKIεD320 and 25 mM [g-32P]ATP for 30 min
at 37°C in a 20-ml volume. Following the kinase reaction, the samples in lanes 5
and 6 were washed and then incubated with 100 ng of catalytic subunit of PP2A
in the absence (lane 5) or presence (lane 6) of 500 nM okadaic acid (O.A.).
Phosphorylation was analyzed by SDS-PAGE followed by PhosphorImager anal-
ysis. Closed circles indicate the mobility of full-length mPER1; open circles
indicate the mobility of the amino-terminal mPER1 fragment. The relative
amounts of full-length mPER1 (P; lane 8) and the amino-terminal fragment (N;
lane 7) were determined in parallel by immunoblotting with the anti-Myc MAb
9E10. (B) Mobility shift of phosphorylated mPER1 in vitro as assessed by kinase
assay. In vitro-synthesized [35S]methionine-labeled mPER1 (from ;1 mg of
reticulocyte lysate) was incubated with 50 ng of CKIεD320 (lanes 2, 3, and 5) for
the indicated times, or without added kinase for 60 min (M; lanes 1 and 4). After
the kinase reaction, the sample in lane 5 was incubated with 40 U of calf
intestinal alkaline phosphatase (New England Biolabs) for an additional 30 min.
The samples were then analyzed by SDS-PAGE and phosphorimaging. The
closed circles indicate the mobility of unphosphorylated mPER1. (C) Mobility
shift of mPER1 in vivo as assessed by pulse-chase experiment. HEK 293 cells
expressing Myc-tagged mPER1 only (lanes 1 to 4), mPER1 and full-length active
CKIε (lanes 5 to 8), or mPER1 and kinase-inactive CKIε (lanes 9 to 12) were
pulse-labeled with [35S]methionine. At the indicated time points following addi-
tion of medium containing unlabeled methionine, cells were lysed and Myc-
mPER1 was immunoprecipitated with anti-Myc MAb 9E10. Samples were all run
on a single SDS-polyacrylamide gel, and the entire gel was visualized with a
PhosphorImager at a constant intensity setting. Closed and open circles indicate
the positions of unphosphorylated and phosphorylated mPER1, respectively.
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electrophoretic mobility of mPER1 and a greater distance of
the mobility shift of mPER1 compared to cells expressing
mPER1 alone (lanes 1 to 4) or coexpressing a kinase-inactive
form of CKIε (lanes 9 to 12). The fact that overexpression of
inactive CKIε did not abolish the time-dependent mobility shift
of mPER1 suggests that cellular kinases other than CKI also
phosphorylate mPER1. Preliminary phosphopeptide mapping
in fact shows that CKIε phosphorylates less than one-third of
the phosphopeptides present in overexpressed mPER1 (data
not shown). The half-life of mPER1 coexpressed with CKIε in
HEK 293 cells was somewhat shortened, from 12 to 9 h (mean
of three experiments [data not shown]). This is in contrast to
Drosophila, where it has been proposed that phosphorylation
of dPER by DBT leads to accelerated degradation of the
protein (27).

Regulation of mPER1 localization. In Drosophila, the dPER
protein when expressed alone is retained in the cytoplasm, and
heterodimerization with the dTIM protein is required for the
complex to enter the nucleus (8, 46). This inherent delay in
dPER and dTIM nuclear entry and subsequent feedback inhi-
bition of their own transcription is postulated to provide the
lag required for stable circadian oscillations (10, 57). However,
the mammalian per genes when expressed individually partially
inhibit CLOCK/BMAL1-dependent transcription in the ab-
sence of mTIM (25). It was therefore of interest to determine
where in the cell individually expressed mPER proteins were
located. When mPER2 was expressed in HEK 293 cells, the
protein was predominantly localized in the cytoplasm (Fig. 3A
and G), similar to the behavior of dPER. However, when
mPER1 was expressed, it was localized predominantly in the

FIG. 3. mPER2 and CKIε regulate mPER1 subcellular localization. (A to F) Representative micrographs illustrating subcellular localization of mPER2, mPER1,
and CKIε. HEK 293 cells were transiently transfected with constructs encoding FLAG-mPER2 (A). Myc-mPER1 (B), FLAG-mPER2 and Myc-mPER1 (C), HA-CKIε
without (D, left) or with (D, right) Myc-mPER1, HA-CKIε(K38R) without (E, left) or with (E, right) Myc-mPER1, and Myc-mPER1 (F). Forty-eight hours after
transfection, the cells were fixed and epitope-tagged proteins were visualized by staining with Alexa 488 (green)-conjugated anti-FLAG (M2) (A and C), Alexa 350
(blue)-conjugated anti-Myc (9E10) (C), Alexa 488 (green)-conjugated MAb 9E10 (B, D, E, and F), Alexa 594 (red)-conjugated anti-HA MAb 12CA5 (D and E), and
anti-CKIε MAb followed by an Alexa 594-conjugated goat anti-mouse secondary (F). Nuclei were visualized with Hoechst stain (A, B, D, E, and F) or ToPro3 stain
(red; C). (G) Quantitation of the experiments illustrated above. Each bar is the result of at least two independent experiments (6standard deviation) in which 40 to
100 cells were counted. All immunofluorescence experiments were done at least twice, but where error bars are omitted experiments were quantitated only once.
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nuclei of transfected cells (Fig. 3B, F, and G). The unregulated
and rapid nuclear entry of mPER1 would be predicted to lead
to immediate rather than delayed negative feedback on circa-
dian oscillations, and so we speculated that additional mecha-
nisms might exist to retard mPER1 nuclear entry. mPER1 has
been reported to heterodimerize with mPER2 (61), and we
confirmed in coimmunoprecipitation experiments that mPER1
could both homodimerize and heterodimerize with mPER2,
while no mPER1-hTIM interactions were detected (data not
shown). When mPER1 was coexpressed with mPER2, both
proteins localized to the cytoplasm (Fig. 3C and G). Thus, one
mechanism to regulate mPER1 nuclear entry is heterodimer-
ization with mPER2. However, since mper2 (and mper3)
mRNAs and presumably proteins have in some studies been
found to be expressed several hours after mPER1 in the SCN
(1, 25, 53), this interaction might not prevent the first mPER1
molecules synthesized from entering the nucleus.

One emerging function of CKI family members is the regu-
lation of nuclear entry of substrate proteins. To determine
whether CKIε regulates the nuclear entry of mPER1, the pro-
teins were coexpressed. Coexpression of mPER1 with active
full-length CKIε led to accumulation of mPER1 in the cyto-
plasm and colocalization with overexpressed CKIε, which is
normally localized to the cytoplasm when overexpressed alone
(Fig. 3D and G). Identical results were seen with coexpression
of CKId (data not shown). Coexpression of hTIM had no effect
on mPER1 localization, both without and with coexpressed
CKIε (data not shown). CKIε-mediated cytoplasmic retention
of mPER1 was due to phosphorylation rather than just bind-
ing, since coexpression of mPER1 and kinase-inactive CKIε
(K38R) failed to retain mPER1 in the cytoplasm (Fig. 3E).
Furthermore, a stable interaction between CKIε and mPER1 is
strongly suggested by relocalization of kinase-inactive CKIε
(K38R) from the cytoplasm in the absence of mPER1 to the
nucleus in the presence of mPER1 (Fig. 3E). Interestingly,
endogenous CKIε also relocalized to the nucleus when mPER1
was overexpressed alone (Fig. 3F). The finding that overex-

pressed mPER1 relocalizes endogenous CKIε to the nucleus,
while co-overexpression of mPER1 and CKIε leads to cyto-
plasmic localization of both proteins, suggests the ratio of the
two proteins is important in determining subcellular localiza-
tion (see discussion). Extending the results seen in the in vitro
binding studies (Fig. 1C, lane 12), CKIε kinase lacking the
carboxy-terminal regulatory domain was also able to cause
cytoplasmic retention of mPER1 (data not shown). CKIε over-
expression did not block the nuclear import of all substrate
proteins, since we found that it had no effect on the nuclear
localization of coexpressed p53 (28) (data not shown). The
cytoplasmic retention of mPER1 caused by CKIε was not
blocked by the addition of the nuclear export inhibitor lepto-
mycin B (30) (data not shown), consistent with the hypothesis
that phosphorylation of mPER1 leads to decreased nuclear
import rather than increased nuclear export.

We then examined how coexpression of CKIε led to cyto-
plasmic accumulation of mPER1. Phosphorylation could pre-
vent the nuclear import of mPER1 by masking an NLS. Such
a mechanism has been described, for example, in the block to
nuclear import of phosphorylated Pho4 in yeast (26). Alterna-
tively, phosphorylation could strengthen binding of mPER1 to
a cytoplasmic anchoring protein, as occurs with the Xenopus
transcription factor Xnf7 (33, 51). In the case of Xnf7, addition
of an exogenous NLS is unable to overcome the cytoplasmic
binding, and NLS-Xnf7 remains in the cytoplasm. To discrim-
inate between these possibilities, mPER1 with an simian virus
40 (SV40) large-T-antigen NLS added to the amino terminus
(designated NLS-mPER1) was expressed in HEK 293 cells in
the absence or presence of added CKIε (Fig. 4). As was ob-
served for overexpressed wild-type mPER1 alone (Fig. 4A,
left), NLS-mPER1 expressed alone was also nuclear (Fig. 4B,
left). When CKIε was coexpressed with NLS-mPER1, both
proteins accumulated in the nucleus (Fig. 4B, right), in con-
trast to the CKIε-mediated cytoplasmic accumulation of wild-
type mPER1 (Fig. 4A, right). The ability of the added NLS to
overcome the CKIε-induced cytoplasmic localization did not

FIG. 4. A heterologous NLS overrides the CKIε-dependent cytoplasmic localization of mPER1. (A and B) HEK 293 cells were transiently cotransfected with
constructs encoding either 4HA-CKIε or empty vector and Myc-mPER1 (A) or NLS-mPER1 (B). Forty-eight hours posttransfection, the epitope-tagged proteins were
visualized with Alexa 488 (green)-conjugated anti-Myc MAb 9E10 and Alexa 594 (red)-conjugated anti-HA MAb 12CA5, and the nuclei were visualized with Hoechst
staining. WT, wild type. (C) NLS-mPER1 is still a substrate for CKIε. In vitro-translated [35S]methionine NLS-mPER1 was incubated without or with added CKI. The
addition of the amino-terminal NLS did not interfere with the kinase-dependent electrophoretic mobility shift.
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appear to be due to interference with phosphorylation, since
both Myc-mPER1 and NLS-Myc-mPER1 had identical shifts
in electrophoretic mobility upon incubation with CKIε (Fig.
4C). These results suggest that phosphorylation normally
serves to mask an intrinsic NLS in mPER1, rather than pro-
moting binding of mPER1 to a cytoplasmic anchoring protein.
Additionally, the fact that coexpressed CKIε relocates to the
nucleus with NLS-mPER1 strongly implies the two proteins
are tightly associated in vivo.

Identification of an NLS in mPER1. The nuclear accumula-
tion of overexpressed mPER1 suggests it either contains an
NLS or binds to a protein that contains an NLS. Visual inspec-
tion and computer-aided motif prediction programs found no
obvious NLS in the mPER1 sequence. To functionally map the
domain required for mPER1 nuclear accumulation, we there-
fore constructed a series of vectors expressing carboxy-termi-
nal truncated forms of mPER1 and examined their intracellu-
lar localization in HEK 293 cells (Fig. 5A). A region of mPER1
from amino acids 824 to 851 appeared important for nuclear
localization, since mPER1 containing only amino acids 1 to 851
was nuclear, while deletion of an additional 27 amino acids
[mPER1(1-824)] resulted in a cytoplasmic protein. Suggesting
this region was sufficient to direct nuclear import, a YFP-
mPER1(709-921) construct localized predominantly to nuclei,
while YFP alone and YFP-mPER1(850-921) constructs were
diffusely distributed throughout the cell (Fig. 5B). Inspection
of the sequence between residues 824 and 851 identified a
highly basic region between amino acids 828 and 838 that

might function as an NLS (Fig. 5D). Mutation of two basic
residues K835 and R838 in this region to alanine abolished
full-length mPER1 nuclear accumulation (Fig. 5C). Notably,
mutation of two adjacent residues H831 and R833 to alanine
had no effect on the nuclear import of mPER1. Interestingly,
the homologous regions of mPER2 and mPER3 have pre-
dicted NLS function (mPER2 has a bipartite-type NLS, while
mPER3 has an SV40 large-T-antigen-type NLS), although we
found overexpressed mPER2 predominantly in the cytoplasm
in HEK 293 cells.

Identification of the CKI« binding site and an NLS-masking
domain. Having identified a functional NLS in mPER1, we
speculated that CKIε might cause cytoplasmic retention of
mPER1 by binding to and phosphorylating domains adjacent
to the NLS. To determine the specific region of mPER1 re-
quired for CKIε binding, various fragments of mPER1 were
synthesized in in vitro transcription-translation reactions, and
the ability of the fragments to bind to CKIε was assessed by
coimmunoprecipitation assays. As Fig. 6 illustrates, mPER1
amino acids 596 to 815 are required for CKIε binding. This
region of mPER1 has areas of similarity to mPER2 and
mPER3 but has no detectable similarity to other proteins re-
ported to interact with CKI, including dPER, NF-T4, and the
PDZ domain of dishevelled, nor to other sequences in Gen-
Bank (40, 60).

Having established that CKIε bound to mPER1 immediately
upstream of the NLS, we examined the sequences required for
the kinase-dependent cytoplasmic localization of mPER1 (Fig.

FIG. 5. Identification of the mPER1 NLS. (A) Progressive truncation of mPER1 reveals a potential NLS. HEK 293 cells were transiently transfected with constructs
encoding either full-length Myc-mPER1(mPER1) or one of several carboxyl-terminal truncations of Myc-mPER1 (Fig. 6B). Forty-eight hours posttransfection, the proteins
were visualized with Alexa 488 (green)-conjugated anti-Myc MAb 9E10 and the nuclei were visualized with Hoechst staining. Representative micrographs are shown. Quan-
titation of the nuclear localization of mPER1 and constructs encoding mPER1(1-924) and mPER1(1-851) is shown in Fig. 7. The cytoplasmic localization of mPER1
(1-824) and mPER(1-706) was seen in .95% of transfected cells. (B) mPER1 amino acids 709 to 921 are sufficient to direct nuclear localization. HEK 293 cells were
transiently transfected with constructs encoding double YFP, either alone or fused to mPER1(709-921) or mPER1(850-921). Double YFP alone and YFP-mPER1(850-921)
were diffusely distributed in .95% of transfected cells, while YFP-mPER1(709-921) concentrated in the nuclei of .95% of transfected cells. (C and D) Point mutations identify
essential residues in mPER1 NLS. HEK 293 cells were transiently transfected with constructs encoding wild-type or double point mutant K835A/R838A (KR/AA) or
H831A/R833A (HR/AA) Myc-mPER1. After transfection, the epitope-tagged mPER1 was visualized as for panel A. A related NLS mutant, K837E/R838D-mPER1,
was also cytoplasmic (data not shown). (D) Cartoon demonstrating location of NLS in mPER1 and mutations introduced to create KR/AA and HR/AA Myc-mPER1.
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7). A construct expressing mPER1 amino acids 1 to 924 local-
ized to the nucleus (Fig. 7A, left; Fig. 7B). Coexpression of
CKIε led to the cytoplasmic localization of mPER1(1-924),
similar to the pattern seen with full-length mPER1 (Fig. 7A,
right; Fig. 7B). A slightly shorter construct, mPER1(1-851),
alone also localized to the nucleus (Fig. 7A, left; Fig. 7B); and
although mPER1(1-851) is competent to bind to CKIε (Fig. 6),
addition of CKIε did not cause mPER1(1-851) to relocate to
the cytoplasm (Fig. 7A, right; Fig. 7B). The truncated mPER1
(1-851) protein appears to fold properly, since it was able to be
transported into the nucleus, and it was able to bind to CKIε
and relocalize it to the nucleus. These results indicate that
mPER1 requires a domain between amino acids 851 and 924
for the CKIε-dependent masking of the NLS.

We noted that amino acids 902 to 916 of mPER1 bear
similarity to the masking domain of NF-AT4. In NF-AT4, this
region is required for the CKIa-mediated cytoplasmic reten-
tion of NF-AT4 (60). An mPER1 protein with a deletion of
this region was localized to the nucleus and appeared to direct
coexpressed CKIε to the nucleus as well (Fig. 7C and D).
When all six serine and threonine residues in between amino
acids 902 and 916 were mutated to alanine (mutant ST6A),
once again the mutant full-length protein localized to the nu-
cleus in the absence or presence of active CKIε (Fig. 7C and
D). These results indicate this domain is required for the
phosphorylation-mediated masking of the mPER1 NLS. Inter-
estingly, a deletion of amino acids 851 to 874 of mPER1 also
led to a constitutively nuclear mPER1 (Fig. 7C), although
mutations of specific serine and threonine residues in the re-
gion did not alter the effect of CKIε (data not shown). The data
suggest that alterations in phosphorylation, spacing, or con-
formation of this domain may inhibit its ability to mask the
mPER1 NLS.

DISCUSSION

Protein phosphorylation has long been suspected of playing
an important role in the regulation of circadian rhythm. A
number of central clock proteins in insects and fungi are phos-
phoproteins, and kinase and phosphatase inhibitors alter cir-
cadian period in dinoflagellates. It was not until the genetic
identification of the Drosophila dbt gene that a specific protein

kinase was shown to be a regulator of the central clock. In the
present study, CKIε, the mammalian homolog of the Drosoph-
ila kinase encoded by the dbt gene, was found to bind to and
stimulate the phosphorylation of the murine mPER1 protein in
vitro and in vivo. The closely related CKI] appears to similarly
interact with mPER1. An unexpected finding was that mPER1
expressed in HEK 293 cells was predominantly nuclear, while
mPER2 was cytoplasmic. Coexpression of mPER1 with mPER2
or with active (but not inactive) CKIε led to accumulation of
mPER1 in the cytoplasm rather than the nucleus. The CKIε-
dependent cytoplasmic localization required a domain adja-
cent to the NLS in mPER1, implying that phosphorylation
led to a conformational change that masked the mPER1 NLS.
These results suggest that both mPER2 and CKIε can regulate
mPER1 nuclear entry. The mechanism by which mPER2 keeps
mPER1 in the cytoplasm appears to be distinct, and a study of
the mPER1-mPER2 interaction is ongoing. Both mechanisms
may allow for a delay in the negative regulation of circadian
transcriptional activators such as CLOCK and BMAL1.

Stable biologic oscillations can be generated by negative
feedback loops with a fixed delay between the generation and
the execution of the negative signal. In Drosophila, stable os-
cillations of circadian rhythm-regulated proteins appear to be
determined by the delay between when the dPER and dTIM
proteins are synthesized and when they actually enter the nu-
cleus to repress their own transcription. Several groups have
demonstrated that temporally regulated nuclear entry of dPER
is correlated with the circadian clock in both the brain and eye
of Drosophila, and mutations that delay or abolish the nuclear
entry of dPER lengthen or abolish circadian cycle (8, 36, 56).
Similarly, in mammals temporally regulated nuclear accumu-
lation of mPER1 has been observed in the nuclei of SCN cells
(19). Although there is as of yet no direct evidence that the
regulated nuclear entry of mPER1 is important for the proper
timing of the mammalian circadian clock, there is a clear cor-
relation between the nuclear accumulation of mPER1 protein
and the decline in mper1 mRNA levels (19). These observa-
tions are consistent with the negative feedback model that
predicts that regulated nuclear entry of mPER proteins is
important for repressing circadian transcription, thus setting
up stable oscillations.

The unhindered accumulation of overexpressed mPER1 in

FIG. 6. (A) Identification of CKIε binding site on mPER1. In vitro-synthesized [35S]methionine-labeled Myc-mPER1 (mPER1) and various amino-terminal (1-924,
1-851, 1-815, 1-706) and carboxyl-terminal (496-1291, 596-1291, 701-1291) fragments of mPER1 were mixed with in vitro-synthesized [35S]methionine-labeled full-length
CKIε. After incubation, mPER1 was immunoprecipitated with the anti-Myc MAb 9E10 and analyzed for the presence of coimmunoprecipitating CKIε by SDS-PAGE
and PhosphorImager analysis. The data presented are a subset of all the truncations tested; all results were repeated at least three times. (B) Diagrammatic
representation of the constructs utilized and the results of the coimmunoprecipitation experiments.
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the nucleus of HEK 293 cells was an unexpected result, and it
initially was difficult to fit into the current model of a delayed
negative feedback loop given that dPER expressed alone is a
cytoplasmic protein (12). Unhindered nuclear entry of mPER1
might cause immediate negative feedback on CLOCK/BMAL1
activity, leading to steady rather than oscillatory transcription
from CLOCK/BMAL1-driven promoters (25). Our results sug-
gest that at least two mechanisms may regulate the rate of
mPER1 nuclear entry. First, newly synthesized mPER1 binds
to CKIε (and presumably CKI]) and is retained in the cyto-
plasm by a kinase-dependent masking of the NLS. If CKIε
remains tightly associated with mPER1 following masking of
the NLS region, the amount of unbound CKIε will steadily
decrease as the synthesis of mPER1 continues. When mPER1
is present in excess of CKIε, there is no free CKIε available to
phosphorylate the excess mPER1 molecules, and they could
start to accumulate in the nucleus. However, at this point the
amount of mPER2 may be sufficient to bind free mPER1, so
that the mPER1-mPER2 heterodimers could also remain in
the cytoplasm.

What mechanism finally allows nuclear entry of mPER pro-
tein complexes, leading to inhibition of CLOCK/BMAL1 ac-
tivity? In Drosophila, heterodimerization of dPER with dTIM
allows nuclear import and subsequent inhibition of CLOCK/
CYCLE transcription. However, we and others found no effect
of mammalian TIM on mPER1 and mPER2 localization (ref-
erence 31 and data not shown). In mammals, mCRY1 and
mCRY2 have recently been shown to relocalize mPER1 and
mPER2 proteins to the nucleus and efficiently repress tran-
scription from E-box-containing promoters, although the mecha-
nism by which mCRY proteins mediate this relocalization is
not yet known (31). mCRY proteins may supply an NLS, al-
though our data raise the possibility that mCRY proteins could
also allow unmasking of the mPER1 NLS by inhibition of CKIε
or recruitment of a specific phosphatase such as PP5 (58).

One limitation of the present study is the reliance on over-
expression of proteins. However, several recent reports also
support the suggestion that regulated nuclear entry of mPER1
is important in the control of circadian rhythm, as has been
proposed for dPER in Drosophila. Endogenous mPER1 pro-
tein has been shown to accumulate in the nuclei of mouse SCN
cells several hours after the peak of mper1 mRNA (19). The
mammalian CRY proteins, essential for circadian rhythm, ap-
pear to regulate the rate at which mPER1 and mPER2 transit
from cytoplasm to nucleus (31). Supporting an in vivo interac-
tion of endogenous mPER1 and mPER2, mice with mutant
mper2 have a shortened circadian period and significantly re-
duced mper1 oscillations in the SCN (59). Thus, the results
with overexpressed proteins are consistent with findings for
endogenous proteins, overexpression of mCRY and mPER
proteins, and mutation of mPER2 in vivo. It will be important
in future studies to examine the circadian phenotype of mice
with deletions of the CKIε and CKI] genes. However, since
CKI] and CKIε both interact with mPER1 in vitro, there may
be functional redundancy that may complicate analysis of in-
dividual knockout mice. Mice with mutations in mPER1 that

alter CKI binding or phosphorylation sites may therefore be
more informative as to the role of CKI in the mammalian
circadian rhythm.

We found that when mPER1 is overexpressed, it accumu-
lates in the nucleus, and that endogenous CKIε is also concen-
trated in the nucleus of transfected cells. Why is endogenous
CKIε not able to maintain a subset of mPER1 in the cyto-
plasm? One potential explanation is that since mPER1 can form
homodimers, CKIε-dependent phosphorylation and masking
of both NLS sequences in the dimer may be required for
cytoplasmic retention. Thus, when the number of mPER1 mol-
ecules in the cytoplasm exceeds the amount of available CKIε,
dimeric mPER1 may enter the nucleus, dragging a single
bound CKIε along. This implies that CKIε may phosphorylate
mPER1 only in cis and not in trans, leaving one unmasked
NLS. Alternatively, overexpressed CKIε might alter the import
kinetics of mPER1 by interfering with nuclear import path-
ways. If this were the case, CKIε expression might block the
nuclear import of other proteins. However, CKIε expression
did not block the import of the NLS-mPER1 fusion protein,
nor did it block the nuclear accumulation of p53. To more
rigorously exclude this model, it will be important in future
studies to identify a specific mPER1 nuclear import pathway.

Kume and coworkers recently examined the localization of
overexpressed mPER proteins in COS-7 and NIH 3T3 cells
(31). Unlike seen in our HEK 293 cells, they found mPER1
and mPER2 localized to both nucleus and cytoplasm. Since
mPER2 and mCRY1 can alter the localization of mPER1, we
speculate that these differences may be due to differences in
levels of endogenous circadian proteins, as well as differences
in overexpression levels. We have previously shown that levels
of CKIε expression can vary widely in different cell lines (14).

Multiple assays demonstrate that CKIε binds to mPER1.
Interestingly, CKIε binds to mPER1 in a region that has no
obvious sequence similarity to the suggested DBT-binding re-
gion of dPER (27). PER proteins contain a protein-protein
interaction domain termed the PAS domain (23). CKIε bound
to the central region of the mPER1 protein, carboxy terminal
to the PAS domain and adjacent to the NLS. Kloss et al.
reported that DBT bound to an amino-terminal region of
dPER, in the same region as the dPER NLS but amino termi-
nal to the PAS domains (27). CKI family members have re-
cently been reported to bind to other proteins including NF-
AT4, dishevelled, and the yeast transcriptional regulator Swi6
(20, 40, 60). No apparent regions of sequence homology exist
between these proteins in the kinase-binding domains. It re-
mains possible that there are structural similarities in the sub-
strate-binding sites; in fact, we found that CKIε also binds to
the dPER protein although the binding site has not yet been
mapped. The fact that CKI binding of dPER and mPER1 has
been preserved while the location and sequence of the binding
site may have been shuffled suggests there is strong selective
pressure to maintain the interaction of the two proteins. We
note that CKIε, CKI], and the kinase domain fragment of
CKIε bound to mPER1 whereas CKIa2 did not, consistent
with the mPER1 interaction taking place via the kinase domain

FIG. 7. CKIε-mediated cytoplasmic retention of mPER1 requires a masking domain (amino acids 851-924). (A) Full-length (mPER1) and amino-terminal
fragments (1-924 and 1-851) of Myc-mPER1 were expressed in HEK 293 cells without (left) or with (right) HA-CKIε. Forty-eight hours posttransfection, the
localization of mPER1 and CKIε was assessed as described above. The mPER1(1-851) construct contains an NLS and can bind to CKIε but failed to relocalize to
the cytoplasm. Full-length and mPER1(1-924) were retained in the cytoplasm by coexpression of CKIε. Representative micrographs are shown. (B) Quantitation of
the experiments shown in panel A. (C) Internal deletions and mutation of potential phosphorylation sites disrupts the function of the masking domain. HEK 293 cells
were transfected as above with Myc-mPER1 containing deletion of residues 851 to 874 (D851-874) or 902 to 916 (D902-916) or with simultaneous mutations of six serine
and threonine residues between amino acids 902 to 916 region (ST6A). None of the mutations altered nuclear localization, while all abrogated the ability of CKIε to
relocalize Myc-mPER1 to the cytoplasm. (D) Cartoon of mPER1 with identification of masking domain and mutant ST6A.
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and not via the carboxy-terminal regulatory domain. However,
this does not exclude a role for the kinase regulatory domain in
the regulation of circadian rhythm in vivo, as previous studies
have shown that this domain can regulate kinase activity in
vitro and in vivo (5, 16, 17, 44).

Phosphorylation mediated nucleocytoplasmic trafficking. It
has become increasingly clear that proteins whose functions
are tightly regulated by phosphorylation are often maintained
in close proximity to their regulatory kinases and phosphatases,
either by colocalization (e.g., binding to common anchoring
proteins) or by direct association (22, 38). Protein phosphory-
lation controls the nuclear import of a number of proteins,
including Cdc25 and Pho4 in yeast and SV40 large T antigen,
Dorsal, Cdc25C, Xnf7, NF-kB, NF-AT4, and FKHRL1 in ver-
tebrates (3, 4, 9, 24, 29, 33, 35, 39, 43, 60). In many of these
cases tight association between the kinase and the substrate
has been shown. The mechanisms by which phosphorylation
regulates nuclear trafficking appear to be diverse. Phosphory-
lation may alter binding of an importin (in the cases of SV40
large T antigen, Pho4, and Dorsal) or a 14-3-3 protein with a
nuclear export signal (CDC25 or FKHRL1), promote binding
to cytoplasmic anchoring structures (Xnf7), stimulate degra-
dation of a cytoplasmic anchoring protein (NF-kB), or cause a
conformational change that masks an NLS (NF-AT4). Our
results suggest that CKIε prevents mPER1 nuclear entry by the
last mechanism, utilizing a region carboxy terminal of the NLS
to mask the NLS in a phosphorylation-dependent manner. In
many of the cases discussed above a cellular phosphatase is
able to reverse the effects of phosphorylation, thus regulating
the subcellular localization of the substrate. Genetic or bio-
chemical investigations in the future may identify such a reg-
ulator in the circadian system.
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ADDENDUM IN PROOF

Supporting an essential role for casein kinase Iε in mamma-
lian circadian rhythm, Lowrey et al. have reported that the tau
hamster locus encodes casein kinase Iε (P. L. Lowrey et al.,
Science 288:483–491, 2000). Furthermore, Keesler et al. have
reported in interaction of casein kinase Iε with human mPER1
(Keesler et al., NeuroReport 2:1–5, 2000).
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